The 'disco' or 'electric' clam Ctenoides ales (Limidae) is the only species of bivalve known to have a behaviourally mediated photic display. This display is so vivid that it has been repeatedly confused for bioluminescence, but it is actually the result of scattered light. The flashing occurs on the mantle lip, where electron microscopy revealed two distinct tissue sides: one highly scattering side that contains dense aggregations of spheres composed of silica, and one highly absorbing side that does not. High-speed video confirmed that the two sides act in concert to alternate between vivid broadband reflectance and strong absorption in the blue region of the spectrum. Optical modelling suggests that the diameter of the spheres is nearly optimal for scattering visible light, especially at shorter wavelengths which predominate in their environment. This simple mechanism produces a striking optical effect that may function as a signal.
Introduction
Structural coloration is common in dynamic visual displays by terrestrial and marine animals [1] [2] [3] [4] [5] . The spectral environment in which they live influences communication methods that use coloration [1,6 -11] . In the ocean's euphotic zone, the 'disco' or 'electric' file clam Ctenoides ales (family Limidae) is found inside small crevices at depths of approximately 3 -50 m. At these depths, the majority of wavelengths available for visual displays are in the blue-green range (400-500 nm) [12] . This is true even at shallow depths where long wavelengths have not yet attenuated (less than 15 m), as the crevices in which C. ales are found are dominated by horizontal light composed of short wavelengths (electronic supplementary material, file S1).
The flashing display on the mantle lip of C. ales has been mischaracterized as bioluminescence [13, 14] , although it is actually mediated by light scattered from photonic nanostructures [15] . Structures of this sort typically use materials that have high refractive indices relative to the substrate, such as collagen, chitin, keratin and guanine [16] . Silica also has a high refractive index (n ¼ 1.43 at 589 nm) [16] but has only rarely been used as a biophotonic structure, such as in diatoms [17] [18] [19] and the weevil Pachyrhynchus argus [20] . Photonic nanostructures of any substance however can enhance reflectance, such as the ultrathin, aperiodic filaments in scales of Cyphochilus spp. beetles [21] and the bead-studded scales in the wings of certain pierid butterflies [22] .
Within bivalves, studies of light manipulation are limited to the bioluminescence of the marine clams Pholas dactylus and Gastrochaena sp. [23] , and the iridophores of the giant clam Tridacna, which are thought to scatter light towards symbiotic zooxanthallae [24] . Ctenoides ales, however, is the only known bivalve with a behaviourally mediated photic display. The fundamental characteristics of this display are described here to determine its potential as a signal. Ongoing studies of the function of the display are being conducted in the context of habitat-specific sensory ecology. In order to provide a preliminary comparative framework, we collected data from the morphologically and ecologically similar congener Ctenoides scaber, which does not flash.
Material and methods
We used five techniques to investigate the display of C. ales; spectrometry, high-speed video, transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDS) and optical modelling. Spectrometry, high-speed video and TEM were used to provide a comparative framework on C. ales and C. scaber. Our prediction was that the display of C. ales would show differences in reflectance, ultrastructure and mantle lip movement when compared with C. scaber. EDS and optical modelling were not appropriate for comparison, as C. scaber had no distinctive ultrastructure to warrant further analysis. Specimens were observed in the laboratory and in situ in Australia (Lizard Island, 14838 0 S, 145827 0 E) and Indonesia (Lembeh Straight, 1827 0 N, 125814 0 E, and Kri Island, 0834 0 S, 130840 0 E). Laboratory work was conducted at ambient room temperature (23-268C).
Spectrometry
Spectrometry was conducted using an Ocean Optics USB2000 (Ocean Optics, Dunedin, FL, USA) to measure reflection of the two distinct tissue sides of C. ales and to look for any similar distinctions in C. scaber. An Olympus SZX9 microscope (Olympus, Waltham, MA, USA) was used for magnification. A small portion of tissue (less than 1 cm 2 ) was excised from the mantle edge and placed on a white reflectance standard (WS-2; Ocean Optics) 50 mm away from the microscope objective. The standard and the tissue were submerged in salt water. The spectrometer, which used a Sony ILX511 linear silicon CCD array and fibre-optic cable, was mounted in the microscope and aimed straight down at the tissue. The Olympus LG-PS2 light microsource was oriented at a 458 angle to the tissue outside of the seawater and illuminated the tissue at 29.78 due to refraction (assuming a refractive index of seawater of 1.34). Results were analysed using OOIBase32 software (Ocean Optics). The measured area was small and thus had to be imaged through a microscope. Therefore, owing to the limitations of the microscope, the ultraviolet (UV) portion (300 -400 nm) of the reflectance was not measured.
High-speed video
Black-and-white high-speed video was captured using the FAS-TCAM SA3 and analysed with FASTCAM Viewer software in order to analyse the inner mantle fold movement of C. ales. (Photron, San Diego, CA, USA). Images were taken at 1024 Â 1024 pixel resolution at 1000 frames per second using a standard fluorescent bulb for illumination.
Transmission electron microscopy
Tissues from three C. ales specimens and one C. scaber specimen were fixed in 2.5% gluteraldehyde to examine differences in ultrastructure between the two species. Six tissue fragments from C. ales and two tissue fragments from C. scaber were examined. TEM was conducted using the Philips/FEI Tecnai 12 TEM (Philips, Hillsboro, OR, USA) at the Electron Microscopy Lab at the University of California at Berkeley, USA. Tissue was fixed with osmium tetroxide and sections were stained with uranyl acetate and lead citrate. 
Energy dispersive X-ray spectroscopy
A JEOL JEM2100 LaB 6 STEM analytical transmission electron microscope (JEOL, Peabody, MA, USA) fitted with a thinwindow energy dispersive X-ray detector was used to conduct elemental analysis on tissue samples mounted on copper grids using spectral point acquisition. Analysis was done at the Centre for Microscopy and Microanalysis at the University of Queensland, Australia. Samples were analysed at an accelerating voltage of 200 kV in a bright field TEM at 600Â magnification. The average diameter of the three-dimensional spheres was determined by fitting a histogram of the diameters of 176 circular sphere sections (measured from TEM images using Adobe Photoshop CS5.1) to a model that assumed the threedimensional sphere diameters were normally distributed and that the spheres were randomly intersected by the section planes. The volume density of the spheres was determined by measuring the average area density from 25 square regions of interest (with average area of 9.26 mm 2 ) and then using standard stereological methods to convert this value to a volume density of 25 + 3 spheres per mm 3 .
Modelling light scattering from the spheres
Modelling was used to determine the angle-weighted scattering of the spheres. Methods are described in the electronic supplementary material. Briefly, we followed the methods of Bettelheim & Siew [25] to estimate the angle-weighted scattering from a dense collection of hard spheres as a function of the diameter of the spheres and their packing density.
Results and discussion

Morphology and spectrometry
Both inner mantle folds of C. ales have a unique marginal edge with two distinct sides (figure 1). The ventral side appears as a white band along the width of the tissue and is strongly scattering (more than 80% reflection over 400-550 nm). The dorsal side of the tissue, however, is red and is weakly scattering (less than 5% reflectance over 400-550 nm). This results in a roughly 16-fold difference in reflectance (figure 1), so the furling and unfurling of the mantle creates a highly dynamic signal. This is especially true at shorter wavelengths, which predominate in the clams' 3-50 m underwater crevice habitats [12] . Despite being thin (less than 25 mm), the white ventral side is optically thick, and therefore opaque. Spectrometry of the mantle tissue of the congener C. scaber did not show any optical asymmetry. rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140407
High-speed video
Black-and-white high-speed video (1000 frames per second) confirmed that the marginal edge unfurls and then furls back up in a wave-like motion (electronic supplementary material, file S2), similar to what was reported by Okubo et al. [15] . The unfurling motion exposes the highly reflective ventral side, and the furling motion exposes the poorly reflective dorsal side. The rapid transition creates the flashing appearance (electronic supplementary material, file S3). This pattern of movement occurs whenever the valves are open and infrared video shows that the movement also occurs in the dark. Although motions of the inner mantle folds help draw seawater into the gills for filter feeding [26 -28] , the motion of C. ales differs from typical mantle movement in that only the marginal edge of the inner mantle fold associated with the white band moves rapidly. This suggests that feeding or respiration is not the primary function [15] . No equivalent movement was seen in the congener C. scaber.
Transmission electron microscopy
TEM of C. ales showed that the tissue had two distinct sides: the ventral side of the mantle containing electron-dense spheres 0.30 mm + 0.04 mm (mean + s.d.) in diameter, and the dorsal side of the mantle, which did not (figure 2a). We measured 25 + 3 spheres per mm 3 , with a total volume fraction of 0.35 + 0.1. Ctenoides scaber lacked any structures similar to those found in C. ales (figure 2b).
Energy dispersive X-ray spectroscopy
The spheres of C. ales were composed of amorphous silica (SiO 2 ), based on the presence of silicon (1.70 -1.80 keV) and oxygen (0.40-0.60 keV) ( figure 3 ). To the best of our knowledge, C. ales is the first animal to use silica as a scattering structure via intracellular nanospheres. Indeed, it is unusual to see silica secreted by animals for any purpose, except diatoms [17 -19] , sponges [29] and the weevil Pachyrhynchus argus [20] . Within molluscs, the only examples of silica secretion are in the radula in certain species of limpets and chitons [30] .
Modelling light scattering from the spheres
We modelled the angle-weighted scattering of the dense collections of spheres using methods developed by Bettelheim & Siew [25] in order to determine how both sphere diameter and sphere packing influence angle-weighted scattering (electronic supplementary material, file S4). The true threedimensional sphere diameter was 0.30 + 0.04 mm (mean + s.d.)-smaller than the 0.5-0.6 mm previously described by Okubo et al. [15] . The volume fraction of the spheres was 0.35 + 0.1. This showed that the diameters of the spheres were close to the optimal value for scattering visible light, especially at shorter wavelengths (400 and 480 nm; figure 4 ). This broadband scattering creates a dynamic display at shorter wavelengths as the mantle is furled and unfurled. Similarly, many species of butterflies can create iridescent flashes as they fly using structural colours on one rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140407 side of their wings. These flashes have been suggested to increase signal efficacy [31] [32] [33] [34] .
Ecological function of the mantle display
The flashing of C. ales may serve a signalling function, possibly as a settlement cue. In field observations, 60% of specimens were found in groups of 2-4 (n ¼ 106). Size differences suggested that settlement was asynchronous. Many species of bivalves possess light-sensitive eyes in the pediveliger stage, during which settlement occurs [35] , so the display may be a cue for juvenile conspecifics. Many other marine animals have the ability to detect the display of C. ales, as some crustaceans and fish have flicker fusion frequency thresholds from 13 to 75 Hz [36] [37] [38] [39] , which is well above the 2 Hz that C. ales flashes (n ¼ 7). Preliminary looming trials, in which a stimulus was moved towards C. ales, showed that the flash rate roughly doubled for the 5 s following the stimulus (to 4 Hz, n ¼ 7, p ¼ 0.003, Mann -Whitney). This suggests that the display might serve an aposematic function.
If the 1-mm-wide flashing mantle edge is viewed from a distance of 100 mm, it subtends an angle of approximately 0.58, which is visible to many reef fish, cephalopods or sharp-eyed crustaceans [40] . The flashing and movement, which widens the display beyond 1 mm, may also allow animals with less acute vision to view the display, especially in close proximity. Investigations into the behavioural function of the flashing are all ongoing.
